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Single inclusive hadron production

+ In its simplest form, fragmentation functions (FFs) describe number density of the identified hadron wrt the
fraction of momentum of the initial parton it carries, as measured in single inclusive hadron production,
e.g., from single-inclusive annihilation (SIA), semi-inclusive DIS (SIDIS), pp collisions
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QCD collinear tactorization

+ QCD collinear factorization ensures universal separation of long-distance and short-distance contributions
in high energy scatterings involving initial/final state hadrons, and enables predictions on cross sections
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+ coefficient functions, hard scattering; infrared
(IR) safe, calculable in pQCD, independent of
the hadron

< FFs/PDFs, reveal inner structure of hadrons or
parton-hadorn transition; NP origin, universal,
e.g. DIS vs. pp collisions; fitted from data

% runnings of FFs/PDFs with pp/ps are governed by
the DGLAP equation

unpolarized collinear FFs, operator definition
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Global data and phenomenological analysis

+ Measurements are available from colliders SLAC, LEP, HERA, RHIC, LHC and fixed-target HERMES,

COMPASS experiments for various charged hadrons as well as neutral hadrons; many groups provide
phenomenological FFs from global analysis at NLO/NNLO in QCD
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FMNLO (fragmentation at NLO in QCD)

+ FMNLO is a program for automated and fast calculations of fragmentation cross sections of arbitrary

orocesses. It is based on a hybrid scheme of phase-space slicing method and local subtraction method,
accurate to NLO in QCD
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+ 2. NPC23: a global analysis of FFs to light charged hadrons



NPC23 analysis of FFs

+ Establishing a new framework on global analysis of fragmentation functions to identified charged hadrons,
including charged pion, kaon and proton, using most recent data from SIA, SIDIS, and pp collisions
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parametrization of FFs to charged pion/kaon/ + a joint determination of FFs to charged
proton at an initial scale (Q=5 GeV): pion, kaon and proton at NLO in QCD (63
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Selection of data

+ For the first time the jet fragmentation data from LHC have been incorporated into the global analysis of
FFs to light charged hadrons, including from processes of incl. jet, dijet, Z or photon tagged jet
productions, due to the development of FMNLO

LHC measurements for hadron inside jet kinematic/flavor coverage (LO) for
measurements (jet fragmentation) ATLAS jet fragmentation
exp. V$(TeV) [luminosity | hadrons final states|R; cuts for jets/hadron observable | Np¢ 3 - v - d - 9 - Iotlhlerls .
ATLAS[60] |5.02 25 pb~ ! | v+ g 04 [Agj, > T N}et j}jﬁf; 6 2 328 S
CMS[61]  |5.02 27 A pb L |hE B 03  [Adj, > T, ARn; < By| 5~ T [4 i igg o
ATLAS[02][5.02  |260 pb * |A® Z+h  |nojet|Adnz > 2x 1 s o N 100 <
OMS[63] |5.02  |320pb™" |A* Z+h _ |nojet|Adnz > gm ngdrra |1 TR ——
LHCb[64] |13 164 b~ |75 K=,p/p|Z+j5 |05 |Agj, > T AR < Ry| ;- T 20 it N e ——————————— |
ATLAS[65][5.02 |25 pb~ ! |AT inc. jet |04 |- o e 63 & 8 pr————————————————— %
jet 40 B
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ATLAS[67]|13 33 fb T [t dijet 0.4 |pgad/psePlead <15 e [ 280 iggg 2
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+ LHC measurements on hadron inside jet provide essential inputs 500 -
for u/d/g flavor separation with wide kinematic coverages, both in 2000 )
energy scale Q and in momentum fraction z _ 1200 E
% 1000 §
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+ In dijets or inclusive jets production, low prand central (high pr & 600 :
. . e 400 3
and forward) jets are mostly initiated by g(u-quark); Z or photon 0 —— !
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Selection of data

4+ Other data inc
single incl. hac

ude ratios of inclusive production rates of different hadrons measured in pp collisions,
ron production from SIA (w/wo heavy-flavor tagging) mostly at Z-pole, and incl. hadron

production in S

incl. hadron production at RHIC and LHC (pp)

exp. VSNN(TeV)|# events (million) |pr» hadrons observable Npt
ALICE[>5]]13 40-60(pp) 2.20] GeV |7, K, p, KO |K /7, p/m, K /n 19
ALICE[ 5] |7 150 (pp) 3,20] GeV |7, K,p _ |13TeV/7TeV for 7, K, p 37
ALICE[57]]5.02 120(pp) 2,20] GeV |7, K, p K/m,p/m 34
ALICE[56]|2.76 40(pp) 2,20] GeV |7, K,p K/m,p/n 27
STAR[6&] (0.2 14(pp) 3,15 GeV |, K,p, Ko |K /7, p/n", p/n~, Kg/m, 7 /n*, K~ /K™ |60

DIS from HERA and COMPASS, for identified or unidentified charged hadrons

incl. hadron production mostly at Z-pole (SIA) incl. hadron production at HERA and COMPASS (SIDIS)

exp. NG lum.(nz) |final states|hadrons Nopt exp. Vv/$(GeV) [luminosity [kinematic cuts hadrons|obs Npt

OPAL[51] |mz 780 000 |Z — qq wi,K i 20 H1[69] 318 44 pb~' | Q? €[175,20000] GeV? Bt D= %dggj 16

ALEPH mz 520 000 |Z —qq |75, K=, p(p)|42 - - —F_Dp-

DELPH%[ ]] myz 1 400 000 |Z — Z;{ wi,Ki,ggg 39 HI[7] 318 44 pb il Qz 6;175’8000] Gev: hi A= g++g— 14
750 75 K= p(p)[39 ZEUSI[71] 300,318 [440 pb~! |Q? €[160,40960] GeV h D ] 32
7 —q3 |7, K=, p(p)|66 COMPASS06[72, 73]|17.3 540 pb~' |z €[0.14,0.4],y € [0.3,0,5] |7, K, h |24 124

SLD|[77] mz 400000 [Z —bb |7, K=,p(p)|66 COMPASS16[74]  |17.3 - z € [0.14,0.4],y € [0.3,0,5] |7, K,p |4 97
Z — cC m, K*,p(p)|66

TASSO[75] [34GeV |77 pb—" inc. had. |7, K*,p(p)|3

TASSO[75] [44GeV |34 pb~' |inc. had. |[7=, 7" 5

TPC[706] 29GeV |70 pb~' |inc. had. |7 ~, K+ 12

OPAL[54] |201.7GeV |433 pb~" |inc. had. |h™ 17

DELPHI[55]|189GeV |[157.7 pb™ " |inc. had. |[7n~, K=,p(p)|9
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Quality of the fit

+ A best-fit with good agreements to the global data sets (1370 points in total) are found, x2/N well below 1;
individual agreements to the 138 sub-datasets are also tested, motivating usage of a tolerance Ax2~2 in

determination of Hessian uncertainties ICTEQ-TEA]

overall agreement: X2 breakdown to individual agreement: distributions (18N,)3/2 { 6 9N, - 1}
sub-groups for the best-fit of the effective Gaussian variable T BN +1 16 -In(3/Np) 9N
Experiments | Nyt | X~ |X°/Npe T T Gno—omaiar T T om0an1n
ATLAS jets T 446 | 350.8 0.79 | # of sets = 138 --- (Sg) 0=0,1 | # of sets = 29 --- (Sg) 0=0,1

global
ATLAS Z/y+jet T | 15 | 31.8 | 2.12

CMS Z/y+jet T | 15 | 17.3 | 1.15
LHCb Z-+jet 20 | 30.6 1.53
ALICE inc. hadron | 147 | 150.6 | 1.02

STAR inc. hadron | 60 | 42.2 0.70

=
(92
——

! \
! \
! \
! \
]
\
\
\

data set count per bin
=
o

data set count per bin

Ul
—r

| pp sum 703 | 623.3 | 089 |
TASSUO 8 7.0 U.38 .
TPC 12 | 11.6 | 0.97 ol
OPAL 20 | 16.3 | 0.81 I T
OPAL (202 GeV) T | 17 | 24.2 | 1.42
ALEPH 42 | 314 | 0.75 10 O
DELPHI 78 | 36.4 | 0.47 ol o oreote - 1 T (So=0231.20
DELPHI (189 GeV)| 9 | 15.3 | 1.70 g _ gl SIDIS |
SL.D 198 | 211.6 | 1.07 s 5
| STA sum 384 | 353.8 | 0.92 J g g
AT T6 | 125 | 0.78 2 s 2 s
H1 (asy.) T 14 | 12.2 | 0.87 g 4 g 4
ZEUS 1 32 | 65.5 | 2.05 g 3 g 3
COMPASS (061) | 124 | 107.3 | 0.87 © 2 © 2
COMPASS (16p) | 97 | 56.8 | 0.59 1 1
0 0

SIDIS sum 283 | 254.4 | 0.90
Global total 137011231.5| 0.90
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FFs to light charged hadrons

+ We arrive at a best-fit of the charged pion, kaon and proton FFs together with 126 Hessian error FFs, two
for each of the eigenvector direction; FFs are generally well constrained in the region with z~0.1-0.7
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FFs (positively charged) vs. momentum fraction

* our results show an uncertainty of 3%, 4% and
8% for FFs of gluon to pion at z=0.05, 0.1 and

0.3, respectively

* similarly an uncertainty of 4%, 4% and 7% for
FFs of u-quark to pion, kaon and proton at z=0.3,

respectively

+ FFs of heavy-quarks are well constrained for z
between 0.1~0.5 due to the tagged SIA events of

Z-pole measurements
+ a preference for larger FFs of s quark to pion due
to pulls from SIA data

+ high precision of gluon FFs is mostly due to the
data of jet fragmentation from the LHC

12



+ 3. Projection on FFs at future lepton colliders

13



Opportunities at future lepton colliders

+ High luminosity and high energies of future lepton colliders open new opportunities for precision
determination of FFs, especially with production of the W boson pairs and the Higgs boson with hadronic

decays [work in progress, Bin Zhou, JG]

proposed hadron multiplicity measurements
from annihilation to quarks

proposed hadron multiplicity measurements
from decays of W or Higgs bosons

ete” annihilation W Boson decay Channelsl
luminosity (ab™) , , # events (million) : :
Vs (GeV) final state kinematic cuts | hadrons | Ny Vs (GeV) final state kinematic cuts | hadrons | Ny
CEPC | FCC-ee | ILC CEPC | FCC-ee | ILC
019 60 150 qq cos(0) > 0 ht~ 132 20419 116 68 62 | W-W™ = W qq e 190
' c¢/bb hE 65 58 34 31 | W-W* — Wcs
160 49 qq cos(6) > 0 h™~ | 168 Higgs boson decay channels
cc/bb h* 83 Vs (GeV) # cvents (million) final state kinematic cuts | hadrons | Ny
161 10 qq cos(f) > 0 h*~ 168 CEPC | FCC-ee | ILC
c¢/bb | 3 023 | 0.09 |0.07 g9
4G cos(6) > 0 nt— | 186 125 0.08 0.03 | 0.02 cc h* 77
240 13 : o/ P 153 | 059 | 047 b
050 ) qq cos(f) > 0 ht— | 186
cc/bb h* 92 . .
- 15 | oo 0 cos() >0 | ht— | 198 + (anti-)quark flavor separation from measurements
ce/bh hE | 98 at different energies, on angular distributions,
qq cos(f) >0 ht— ] 198 . .
360 0.65 _ -
T I and with heavy-flavor tagging
qq cos(f) > 0 ht— | 198 .
365 L5 o = T og + d/s quark separation from W boson decays;
. ) 17 cos(f) >0 | bt | 108 direct probe of gluon fragmentation from Higgs
cc/bh L boson decays
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Projection for constraints on FFs

+ Pseudo-data on the proposed measurements are constructed using NPC23 FFs as the truth theory; fits to
FFs at NLO in QCD are carried out with data solely from future electron-positron colliders

i CEPCD]’ mem CEPCD" | CEPCDJ’ W CEPCDJ’ [ CEPCDI mem CEPCDJ' % assuming same (un-)correlated systematic
| m nti777] NPC23 DI’ 1K) NPC23 DF 7721 NPC23 Df™ Ny . L
NP3 bg F e, s e B B | uncertainties as SLD measurements; statistical
| errors calculated based on prescribed luminosities

+ fits using the same fitting framework as NPC23;
theoretical uncertainties from scale variations of
the NLO calculations are included

1 CEPC DX" | CEPC DX" |

CEPC DK™ e CEPCDE' |

AO'&zzz NPC2§+[ZE NPC23 DK*"[r71 NPC23 DK™ 771 NPC23 955
; i VAV 1 4 o o . . .
3% + best-fit agrees well with the truth FF; uncertainties
= .

| are greatly reduced taking the CEPC as an

example

o5 - CERC ij‘ = CEPC Dp | CEP‘C Du’f" wew CEPCDZ | wwwi CEPCDP mm CERC Df
| 772 NPC23DGI77) NPC23 Df | vz NPC23 D 722 NPC23 D | 7770 NPC23 DZ 7771 NPC23 Df |
X 0.2! I I
Q
.

090161 02 05 10 01 02 of5\ 1.'0”" 0.1 02 05 1.0

X X X
FFs (positively charged) vs. momentum fraction [work in progress, Bin Zhou, JG]
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Projection for constraints on FFs

+ Pseudo-data on the proposed measurements are constructed using NPC23 FFs as the truth theory; fits to
FFs at NLO in QCD are carried out with data solely from future electron-positron colliders

— fullsetD - fullsetDy’ |\ full ety == fulsetDf’ || — fullsetor’ --- fulsetop’ + assuming same (un-)correlated systematic
0.6 w/o W w/o W i w/o W 1 w/o W w/o W | . . .« e
2 WoH == wioH [\ woH - — woH === wioH ] uncertainties as SLD measurements; statistical
£ w/o W and H--- w/o W and H,‘ | —— w/o W and H--- w/o WandH . . ..
@ 0.4 7+ FFs at Q=5 Gev errors calculated based on prescribed luminosities
>
0.2 | * + fits using the same fitting framework as NPC23;
S | ; theoretical uncertainties from scale variations of
0.0 i ] | e . .
— full set D" —— full set DX" | |— full set DX ——— full set Df" | the NLO calculations are included
1.0¢ w/o W w/o W T w/o W w/o W 1
P — w/oH === w/oH 1 [— w/oH -== w/oH 1 . . . .
0 0.8 — woWand H--- wioWand 1 = wio W and H--~ wio W and H- + best-fit agrees well with the truth FF; uncertainties
v 1 | .
@ are greatly reduced taking the CEPC as an
S example

+ W boson data are essential for quark flavor

| full set DP ;— full set D --- full set DP — full set DP  --- full set D] . . . . .
. worr A wew e T o T separation; similarly Higgs boson data for
w/o H --- w/oH | #&—— w/o H --—— w/oH | —— w/oH --- w/oH ] . .
1.00" w/o W and H--- w/o W and HJ\-‘\‘— w/o W and H--- w/o W anpd H . —— w/o W and H--- w/o W and H- COnStralnlng gluon FF
[ ny / I 1

p FFs

Relative errors
o O
Ul ~d
‘O‘ ul

o
N
Ul
—_—

O'%le 0‘1 012 OE T
X
FFs (positively charged) vs. momentum fraction [work in progress, Bin Zhou, JG]

16



Projection for constraints on FFs

+ Pseudo-data on the proposed measurements are constructed using NPC23 FFs as the truth theory; fits to
FFs at NLO in QCD are carried out with data solely from future electron-positron colliders

o
N
Ul

Relative errors

Relative errors

o

o

o

[l N
Ul o
— 7

=
o
———

FCC-ee FCC-ee
-=-=|LC

m* FFs at Q=5 GeV;

+—— CEPCD]' --- CEPCDI' T
| FCC-ee |

CEPC D]" -

FCC-ee
[ILC

CEPC DP
FCC-ee
[ILC

p FFs

| —— CEPCDP ---

FCC-ee

| — ILC ---

FFs (positively charged) vs. momentum fraction

% assuming same (un-)correlated systematic
uncertainties as SLD measurements; statistical
errors calculated based on prescribed luminosities

+ fits using the same fitting framework as NPC23;
theoretical uncertainties from scale variations of
the NLO calculations are included

+ best-fit agrees well with the truth FF; uncertainties
are greatly reduced taking the CEPC as an
example

+ W boson data are essential for quark flavor
separation; similarly Higgs boson data for
constraining gluon FF

+ ILC, FCC-ee and CEPC give quite similar results
except in regions statistics are limited

. [work in progress, Bin Zhou, JG]



Impact of theoretical uncertainties

+ Impact of theoretical uncertainties (scale variations at NLO in QCD) are large considering high precision
of data; NNLO corrections to most of the selected processes of hadron production are known and

implemented in FMNLO [e.g., NNLO corrections for Higgs decays to gg in 0912.0369]

14— e —— 7 ———— : . — . ———

with th. unc. DI’ with th. unc. D™ with th. unc. DT* with th. unc. DI} with th. unc. D" with th. unc. DI i FMNLO NNLO
¥4 wi/o th. unc. 71 wj/o th. unc. [Z2 w/o th. unc. "~/ wfo th. unc. V73 wlo th. unc. /71 wlo th. unc. 500 : = EMNLO NLO '

1'2,_ m* FFs at Q=5 GeV | 400 NPC23 PIp nlo FMNLOLO
-_8 >€ H—>gg_ i
o 1.064544: % 300

S
D 200
—
0.8 [
I I B I 100 |
1.4Iﬁ xi/zht:?.uunncc.. D§+/// x;tohtt:.uunnc(?. DE?KtrTluunr:. D5+ 7] xi/zht?'uunr:' D§+ﬁl x;tohtt:.uunnc(?. D§+/// xi/t)ht:.uunnc(? o 0' : : . : : .
[ //// 1 2.0 I p

. Kt FFs [ ] [ ]

: , - /,,"io.~\ S A -_8 1_55- -
8f | 1.0 [ :
? I ] 10-2 | - '1'0'—1 | 100
> - | - - Xh
ke A . unc. D§ Wi .unc. DP | Wi . unc. DF Wi .un ) s Wi . unc. DP Wi .unc. D} | . . . .

1.4_/I ht:.] unc. i /] W/t)htt: unc. ’ 1 rz4 W/t)htthh unc. 7 v 77 W/th:T uncD W/E)htJ:T unc. ’ /] W/E)htthr? unc. 7 »* removal Of theoretlcal uncertalntles (N LO) Ieads
17 \ P A to reduction of FF uncertainties by more than a
= [ VAL T AT L .
+<1.0p / T NS =--==-- S
R Ve factor of two in many cases, e.g., FFs for favored

0.8 ' / quarks, heavy quarks and gluons

0.6} 7 |

001 01 02 05 09 01 02 05 < scale variations at NNLO are smaller but not

X X

negligible; further theoretical calculations are

needed, e.g., NNLO for 3-jet production, N3LO

FFs (positively charged) vs. momentum fraction . for others



Summary

+ Fragmentation functions (FFs) are essential non-perturbative inputs for precision calculations of hadron
production cross sections in high energy scattering from first principle of QCD

+ FMNLO is a program for automated and fast calculations of fragmentation processes at NLO in QCD is
now publicly available, which is desirable for global analysis of FFs providing much improved efficiency
and capability for arbitrary hard processes

+ NPC23 is an up-to-date global analysis of FFs to identified charged hadrons, including charged pion, kaon
and proton, at NLO in QCD, using most recent data from SIA, SIDIS, and pp collisions; constraints on
cluon FFs are greatly improved

+ Future high-energy lepton colliders offer great opportunities on further understanding and much precise
determinations of FFs, especially with measurements on hadronic decays of the abundantly produced
Higgs boson and the W boson, independent of inputs from SIDIS and pp collisions
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Thank you for your attention!
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